ABSTRACT: The potential for anthropogenic changes in climate has raised questions about how these changes might affect wildlife populations. We fit the Ricker population model to 25 years of data on the population sizes of white-tailed ptarmigan in Rocky Mountain National Park (RMNP), Colorado, USA, using 12 different weather variables as covariates. The best approximating model for population growth rates of the ptarmigan was selected using the Akaike information criterion and Aikaike weights. Our linear regression results suggest that median hatch dates advanced significantly from 1975 to 1999 in response to increases in April and May temperatures. Our best approximating population model indicated that high winter minimum temperatures retarded the growth rate of the population. Our data also had reasonable support that high mean winter monthly minimum temperatures and high mean winter monthly maximum temperatures might lower the population growth rate of the ptarmigan. We simulated the effects of future warming on the ptarmigan population in RMNP using our best ptarmigan population model and future climate scenarios projected by the Canadian Climate Center and Hadley Centre models. Our simulation results suggested that future warming would accelerate declines in ptarmigan abundance. Although our results showed a clear population level response to variation in climate, we did not detect a density-dependent effect in the ptarmigan population, and we cannot completely explain the inverse relationship between winter temperatures and population growth rates. A process-oriented modeling approach is needed for future studies to elucidate the mechanisms of the effects of climate change on the population dynamics of the white-tailed ptarmigan.
INTRODUCTION
Predictions of sustained climate warming have caused concerns among conservation biologists and wildlife managers about potential impacts on the distribution and abundance of wildlife species (e.g. Peters & Lovejoy 1992 , Hughes 2000 . Several studies have demonstrated the effects of climate on the demography of mammals (e.g. red deer Cervus elaphus; Forchhammer et al. 1998a ) and birds (e.g. pied flycatcher Ficedula hypoleuca; Forchammer & Post 2000 , Winkel & Hudde 1997 . Climate change could influence the dynamics of avian populations (Crick & Sparks 1999 , Saether et al. 2000 by affecting the energy requirements of individuals for thermoregulation and by modifying the availability of food (Forchhammer et al. 1998b , Stevenson & Bryant 2000 . There are clear statistical relationships between climate and selected aspects of avian biology, including breeding phenology (Bradley et al. 1999 , Dunn & Winkler 1999 , reproductive success (Sheaffer & Malecki 1996) and population trajectories (Rotella et al. 1996 , Sorenson et al. 1998 . However, there are few studies that project how anticipated changes in climate might affect population performance and persistence of avian species.
White-tailed ptarmigan (Lagopus leucurus) populations are distributed in naturally fragmented tundra at high elevations in western North America . It is widely predicted that future warming predominates during winter (National Assessment Synthesis Team 2001 , Dickinson 1986 ). These effects may be particularly important at higher latitudes (Houghton et al. 1995 (Houghton et al. , 1996 . Because white-tailed ptarmigan occupy high-elevation alpine habitats in Colorado, increases in mean annual temperature may affect their demography directly. Indirect effects are also possible as a result of compression and fragmentation of their alpine environment as forested habitats move upward in elevation. Here, we exploit a data set on ptarmigan population dynamics to examine the impacts of climate on ptarmigan population dynamics in Rocky Mountain National Park (RMNP). Our objectives were: (1) to identify primary climatic factors potentially affecting the population trajectory of whitetailed ptarmigan populations at Trail Ridge Road, RMNP, from 1975 RMNP, from to 1999 and (2) to project how the population might change under plausible scenarios for climate warming.
MATERIALS AND METHODS

Study site and species
We studied a population of white-tailed ptarmigan during 1975 to 1999 on a study area of 13.8 km 2 adjacent to Trail Ridge Road in RMNP (40°25' N, 105°45' W) (Giesen 1977 , Giesen et al. 1980 , Giesen & Braun 1993 . The study area is above the tree line at an elevation of 3350 to 3572 m. Vegetation on the study site is principally alpine tundra (Braun 1969 , Braun & Rogers 1971 ; main plant communities include stands of cushion plants such as Dryas octopetala and Silene acaulis, grasses and sedges such as Kobresia myosuroidess, willow-sedge-grass wet meadow, and Krummholz scrub (Braun 1969 , Braun et al. 1991 . Climate in the study area is continental, with frequent extremes in wind velocity and temperature (Braun 1984) . Annual average temperature is about -3°C. Precipitation from late September to June is usually in the form of snow and sleet (particularly in early spring), while intense afternoon thundershowers are common during the summer months.
Ptarmigan monitoring methods
We located territories of pairs and single birds using playbacks of male territorial calls (Braun et al. 1973) . Territories were searched several times during each breeding season. All birds encountered were captured and banded with unique combinations of aluminum and colored bands, which allowed the birds to be identified in subsequent years without recapturing them. We captured > 90% of the breeding population each year. It consisted of adults (>1 yr old) and yearlings (<1 yr old). Plumage characteristics were used to distinguish between yearlings and adults (Braun & Rogers 1971) . Hatch dates were estimated by calculating ages of chicks primary based on molt and growth and backdating to time of hatch (Giesen & Braun 1979 ).
Climate data
Climate data were obtained from the Niwot Ridge Weather Station, Niwot Ridge Long-Term Ecological Research (LTER) Site, located about 40 km south of our study site in the same elevation range where ptarmigan live. We used 12 climate variables, including the number of days with minimum temperature below 0°C in winter and summer, mean winter and summer monthly minimum temperatures, mean winter and summer monthly maximum temperatures, winter and summer minimum temperatures, winter and summer maximum temperatures, mean winter and summer monthly temperatures, and mean winter and summer monthly precipitation. Summer months were from April to September, and winter months were from October to March of the following year.
Modeling approach
One approach to explore relationships between climatic factors and vertebrate populations is to fit a population model to time series data on population sizes. For example, climatic or environmental covariates can be fit to explain residual variation around a deterministic population model (Forchhammer et al. 1998a) . We portrayed the dynamics of the ptarmigan population using the Ricker (1975) model,
where N t + 1 is the population size in year t +1, N t is the population size in year t, a 0 is an intercept, b is a slope term representing density effects, and β i denotes coefficients representing the effects of climate variables W i , i = 1, 2, …12. Coefficients a 0 , b, and β i are unknown parameters to be estimated by regressing the differences of natural logarithms of N t +1 and N t on N t and W i using PROC MIXED (SAS 1990) . Braun et al. (1991) suggested that the expansion of elk Cervus elaphus herd and range in RMNP might affect the ptarmigan population dynamics. Before we fit the Ricker model, we regressed the population growth rates of ptarmigan, expressed as ln(N t+1 /N t ), on the log-transformed population sizes of elk at Estes Park from 1975 to 1999 to determine if the wintering population size of elk was related to the population dynamics of ptarmigan, and to decide if elk population sizes should be included in the model. We did not have direct estimates of elk population sizes on our tundra study site; however, Braun et al. (1991) reported that the elk wintering at Estes Park used the habitat on our study site. We believe that the population counts of elk at Estes Park are relevant indicators of the elk influence on the ptarmigan populations at Trail Ridge Road.
We converted median hatch dates of ptarmigan from 1975 to 1999 to Julian days and performed linear regressions of the differences of median hatch dates minus July 1 versus the average temperatures of May and June. We also conducted a linear regression of average temperatures of May and June on years from 1975 to 1999 to test if the early summer temperatures significantly changed during the period of our study. Linear regressions were carried out with PROC GLM (SAS 1990).
Model selection
We used the corrected Akaike Information Criterion (AIC c ) and the Akaike weights (w) to select the best approximating model and to assess model selection uncertainty (Burnham & Anderson 1998) :
where n is the sample size, K the number of unknown parameters, L(θ) the likelihood function, r = 1, …, R, i = 1, …, R, θ the vector of unknown parameters, and ∆ r the difference between the ith model and the lowest AIC c value among R models (Burnham & Anderson 1998) . The best approximating model has the smallest AIC c value among all examined models with a forward-like procedure (McCullagh & Nelder 1989) . This model achieves the optimum compromise between accuracy and precision in predictions (Burnham & Anderson 1998) . Akaike weights can be interpreted as the likelihood that a given model is in fact the best model of the given alternatives considered and the data at hand.
Development of future climate scenarios and model projections
We obtained future climate scenarios from data and climate projections developed for the 'U.S. National Assessment: The Potential Consequences of Climate Variability and Change' (www.usgcrp.gov/usgcrp/nacc/ default.htm) by the VEMAP Phase 2 Data Development group at the National Center for Atmospheric Research (VEMAP website: www.cgd.ucar.edu/vemap/ve298. html). We used the 2 general circulation model (GCM) scenarios based on Canadian Climate Center (CCC) and the Hadley Centre simulations and baseline data from the grid cell containing RMNP. The grid cell size containing RMNP is large. The difference in the spatial scale might have invited caveats in predictions for climate conditions on the ptarmigan habitats. However, we believe the GCM-model predictions are best suited for climatic conditions on the ptarmigan habitats because of the topology of the grid cell containing RMNP. We calculated average monthly differences between baseline (without greenhouse or aerosol forcing) and simulated climate (with greenhouse and aerosol forcing). These were then used to compute the average decadal changes in winter minimum temperatures. These changes were added to historical data on temperatures to generate a modified 25-yr climate adjusted for the climate change period in a potential future decade. So, no changes in the interannual variability of the baseline historical period was created, just changes in the modal amplitude of the monthly climate for a 25-yr period used for a base case analysis. This simplification may miss some potential impacts resulting from the interannual variability of future warming in our projections.
We projected ptarmigan population using the best approximating population models driven by the CCC-or Hadley-based scenarios of the weather variables. This projection allowed us to evaluate how the ptarmigan population would have responded if the weather conditions in the past 25 yr had resembled what the CCC or Hadley models predict for the decade of 2021 to 2030.
RESULTS
The elk population size at Estes Park was not related to the population growth rates of ptarmigan at Trail Ridge Road (p = 0.23). Consequently, we dropped the elk population size from the model of ptarmigan population growth rate. We identified 3 models of population growth rate of the ptarmigan that had reasonable support in the data. The best model had Akaike weights of 0.41, and showed a negative relationship of population growth rate and winter minimum temperature (W 9 ). High winter temperatures depressed the population growth rate. The second and third best approximating models also indicated that high mean winter monthly minimum temperatures (W 3 ) (Fig. 1) or mean winter maximum temperatures (W 5 ) could reduce the population growth rate of ptarmigan (Table 1) . Generally, the warmer the winter, the lower the population growth rate.
Our selected models did not include the densitydependent term (bN t ) ( Table 1) . During the forward stepwise modeling selection, the inclusion of the density-dependent term raised the AIC c values by about 9 to 10. In addition, p-values of b's in the fitting were greater than 0.05 (p = 0.199, 0.209, and 0.173, respectively). Therefore, density-dependent effects were not detected in our model fitting.
Median hatch date was negatively related to the average temperatures of May and June (Fig. 2, (Fig. 2) . A linear regression of the average temperatures of May and June on years indicated a significant increase in the average temperatures of May and June in the past 2 decades (Fig. 3, p = 0.03) . Therefore, the breeding phenology of ptarmigan has been related to increases in spring or early summer temperatures.
The CCC model projects that the minimum winter temperature will increase by about 2.3°C on average by 2030, while the Hadley model projects a minimum winter temperature increase of about 2.6°C. Scenarios based on these models, coupled with the Ricker population model, suggested that white-tailed ptarmigan at Trail Ridge Road would have declined to 2 or 3 individuals if we had had the weather scenarios predicted by the CCC or Hadley model in the past 2 decades, whereas the observed size and model-predicted size using historic climate data were between 30 and 40 birds (Fig. 4) . Therefore, projected temperature increases in RMNP have the potential to accelerate the decline in ptarmigan abundance and increase the probability of local extinction.
DISCUSSION
Warm winters retarded the population growth of the ptarmigan. Forchhammer et al. (1998) also reported that warmer winters depressed the population growth rate of common sandpipers Actitis hypoleucos. We could not completely explain this inverse relationship. However, ptarmigan generally select winter habitats with high snow accumulations (Braun & Schmidt 1971 , Braun 1984 , Braun et al. 1991 . Ptarmigan tunnel in snow to modify their ambient temperature and mitigate extremely cold conditions (Braun & Schmidt 1971 , May 1975 . The depth of night roosts ranges from 90 to 270 mm (Braun & Schmidt 1971) . Warm winters could reduce snow accumulation in the winter habitats and thus limit the population growth of ptarmigan. Additionally, warm, clear and calm conditions in the winter seemed to inhibit activity, and in turn, might impede ptarmigan foraging activity , which is important to the fat level at the beginning of breeding seasons (Braun & Schmidt 1971) .
Evidence suggests climatic warming in the past 2 decades (Fig. 3) . Meanwhile, the study ptarmigan population has declined (Fig. 4) . Our models projected substantial decline of the ptarmigan population at RMNP using the CCC and Hadley model-based scenarios of future warming (Fig. 4) . It is possible that warm climates or winters may cause extinction of white-tailed ptarmigan at Trail Ridge Road. Whitetailed ptarmigan are currently distributed in naturally fragmented alpine habitats (Braun 1984) . We expect further fragmentation of white-tailed ptarmigan habitat when the temperature increases and the tree line rises or tundra disappears (N. T.H. et al. unpubl.) . This further habitat fragmentation could cause problems for winter migration (Hoffman & Braun 1975 , Giesen & Braun 1992 , as well as reduce dispersal and gene exchanges of ptarmigan among patch habitats and further limit the viability of ptarmigan at RMNP (Giesen & Braun 1993 , Martin et al. 2000 .
Median hatch dates of white-tailed ptarmigan at RMNP have significantly advanced in the past 2 decades. This early breeding was related to increasing of May and June temperatures (Fig. 2) . In the UK, 27 bird species responded to increasing spring temperatures with earlier egg-laying during 1940 to 1991 (Crick & Sparks 1999) . More recent data from 1971 to 1997 indicate that great tits Parus major have a significant trend towards earlier breeding, whereas they did not show a significant trend of earlier breeding during 1944 to 1970 (McCleery & Perrins 1998 . McCleery & Perrins (1998) related the recent earlier breeding of great tits to the recent upward trend of spring temperatures from 1971 to 1997. Similarly, great tits, blue tits P. caeruleus, and pied flycatchers Ficedula hypoleuca in northern Germany had a negative relationship between egg-laying dates and warm winters (Forchhammer & Post 2000) . Early breeding enables birds to produce the most surviving offspring, and consequently, affects population dynamics (Perrins 1970 , McCleery & Perrins 1998 . Stevenson & Bryant (2000) linked the climate-induced changes of the breeding phenology of great tits to the energetic constraints. The increasing spring temperatures may also result in earlier growing seasons and enhance forage availability for birds in Europe (Forchhammer et al. 1998b ). The improvement in food availability and fledging survival may have contributed to the increase of population growth (Forchhammer et al. 1998b , McCleery & Perrins 1998 . However, our studies showed that early breeding of ptarmigan did not increase the population growth rates (Figs. 2 & 4) .
The relationships between climate variables and population dynamics of avian species are complex in terms of effects of warming winters on the ptarmigan population. Yalden & Pearce-Higgins (1997) have demonstrated a positive relationship between the population growth rate of golden plovers Pluvialis apricaria and winter temperatures. However, Forchhammer et al. (1998b) reported that population growth of common sandpipers was depressed by warming winters. Our study suggested that either mean winter monthly minimum temperature, mean winter monthly maximum temperature, or winter minimum temperature was negatively related to the population growth rate of ptarmigan. These differences among avian species suggest that avian species have complex life histories to adapt to different climate regimes and changes (Pounds et al. 1999) . Density-dependent effects on population growth rates of white-tailed ptarmigan were not found in our study. The ptarmigan population size has declined to about 1 ⁄ 3 of its peak size (Fig. 4) . It is possible that some unidentified factors kept the ptarmigan population below the threshold size above which density-dependent effects are manifested. Our results show a clear population level response to variation in climate. However, in a preliminary analysis, we failed to detect consistent effects of climate on stage-specific and sex-specific survival rates, female reproduction, and recruitment of the ptarmigan. The response is composed of complex effects on demographic parameters. For instance, warmer winters enhanced the survival rates in female and depressed survival rates in male (authors' unpubl. data). In part, sex-specific (female biased) dispersal of white-tailed ptarmigan might have made it more difficult to estimate annual sex-specific and stage-specific survival rates and recruits at RMNP. Moreover, the Niwot Ridge Weather Station is about 40 km from our study site. The climate data from the Niwot Ridge may not adequately reflect the microclimatic changes on the ptarmigan habitat at RMNP. It is possible that the decline of the ptarmigan population might not be a direct effect of warming at RMNP. Our empirically derived models cannot reveal the mechanism of climate effects on the ptarmigan populations. We need a process-oriented modeling approach to elucidate the mechanisms of population-level responses to climate change.
